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ABSTRACT  
   
The electric transmission grid is conventionally treated as a fixed asset and 
is operated around a single topology. Though several instances of switching 
transmission lines for corrective mechanism, congestion management, and mini-
mization of losses can be found in literature, the idea of co-optimizing transmis-
sion with generation dispatch has not been widely investigated. Network topology 
optimization exploits the redundancies that are an integral part of the network to 
allow for improvement in dispatch efficiency. Although, the concept of a dis-
patchable network initially appears counterintuitive questioning the wisdom of 
switching transmission lines on a more regular basis, results obtained in the pre-
vious research on transmission switching with a Direct Current Optimal Power 
Flow (DCOPF) show significant cost reductions. This thesis on network topology 
optimization with ACOPF emphasizes the need for additional research in this 
area. It examines the performance of network topology optimization in an Alter-
nating Current (AC) setting and its impact on various parameters like active 
power loss and voltages that are ignored in the DC setting. An ACOPF model, 
with binary variables representing the status of transmission lines incorporated 
into the formulation, is written in AMPL, a mathematical programming language 
and this optimization problem is solved using the solver KNITRO. ACOPF is a 
non-convex, nonlinear optimization problem, making it a very hard problem to 
solve. The introduction of binary variables makes ACOPF a mixed integer 
nonlinear programming problem, further increasing the complexity of the optimi-
zation problem. An iterative method of opening each transmission line individu-
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ally before choosing the best solution has been proposed as a purely investigative 
approach to studying the impact of transmission switching with ACOPF. Eco-
nomic savings of up to 6% achieved using this approach indicate the potential of 
this concept. In addition, a heuristic has been proposed to improve the computa-
tional efficiency of network topology optimization. This research also makes a 
comparative analysis between transmission switching in a DC setting and switch-
ing in an AC setting. Results presented in this thesis indicate significant economic 
savings achieved by controlled topology optimization, thereby reconfirming the 
need for further examination of this idea. 
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CHAPTER 1: INTRODUCTION 
1.1 Overview 
At the time when Nikola Tesla dreamed of commercial electricity, it was a 
luxury that was affordable only by the rich. Over a hundred years later, in the pre-
sent scenario, electric energy is considered a necessity rather than a luxury. Con-
tinuous research and a willingness to apply new techniques help in keeping up 
with the demands on the electric grid. A reliable electric network aides the indus-
trial and commercial development of a country. Consequently, there has been a 
national push to create a smarter, more reliable and flexible electric grid. 
Traditionally, transmission lines are considered as static assets. The opera-
tor dispatches generation with an objective to minimize the total generation cost 
while satisfying all the system constraints. Although transmission switching is 
used today for maintenance purposes and as a corrective mechanism, the concept 
of incorporating transmission switching in day to day dispatch operations for eco-
nomic benefit has not been examined to its maximum potential. The possibility of 
varying optimal network topologies for different operating conditions has not 
been vastly explored. It is known that the electric network has built-in redundan-
cies to ensure reliable operation. However, all of these redundancies may not be 
required for every operating state. As the operating state of the grid changes, the 
redundancies needed to ensure the reliability of system change as well. Moreover, 
these redundancies may cause the grid to deviate from operating at its optimal to-
pology. Therefore, it is beneficial to view transmission as a flexible asset since the 
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ability to switch transmission lines adds another layer of control in order to im-
prove system operations, reliability, and market efficiency. 
This research strives to validate the concept of transmission switching and 
examine the impact of incorporating network topology control in the Alternating 
Current Optimal Power Flow (ACOPF) problem. A comparative analysis between 
Direct Current (DC) and Alternating Current (AC) transmission switching is also 
performed. 
1.2 Research Focus 
The primary aim of this research is to evaluate the concept of incorporat-
ing topology optimization in a traditional OPF problem. The objective of the OPF 
is to find a least cost generation dispatch solution while satisfying the constraints 
of the system. The ACOPF is a non-convex non-linear problem, which is difficult 
to solve using the present day commercial solvers. The state of a transmission line 
in the network (in service or out of service) is represented in the optimal power 
flow problem with a binary variable making the ACOPF a Mixed Integer Non 
Linear Programming (MINLP) problem, a far more difficult problem to solve. A 
common approach taken to overcome this problem is to use the linearized version 
of the AC nonlinear constraints with a linear objective. This creates a Linear Pro-
gramming (LP) problem called the Direct Current Optimal Power Flow (DCOPF), 
and when transmission switching is incorporated, the DCOPF becomes a mixed 
integer programming (MIP) problem. This research analyzes the feasibility of 
transmission switching and the impact of switching on AC parameters like volt-
age, reactive power, and losses.  
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Furthermore, this research endeavors to study the impact of network to-
pology optimization on the deregulated energy market structure. Studies have 
been performed to answer questions pertaining to how a dispatchable network af-
fects the Locational Marginal Prices (LMP), Generation Revenue, Load Payment, 
and Congestion Rent. The changes in dispatch efficiency and social welfare with 
the incorporation of switching are examined. 
 In addition, a comparative analysis is performed between the DC trans-
mission switching and AC transmission switching. The electric grid is primarily 
composed of transmission lines operating in the AC setting. The MINLP problem 
formed by the ACOPF formulation with binary variables makes it a very difficult 
nonlinear non convex problem to solve. Operators today perform DCOPF with 
unit commitment since unit commitment with AC is too difficult to solve. Then, 
the DC optimal solution is used as an initial solution to obtain an AC feasible so-
lution. However, it is important to examine the effects of transmission switching 
on the AC transmission grid in terms of economic benefits, voltage, reactive 
power, and losses. This makes a study of transmission switching on an AC level a 
necessity to understand the concept of network topology optimization. At the 
same time, the practical application of transmission switching is currently limited 
to the DC level making an understanding of the commonalities and differences 
between AC and DC switching imperative. 
As a final part of the research, a heuristic has been proposed to find a net-
work topology that has significant economic saving within a reduced solution 
time. This thesis concludes with a discussion on future research. 
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1.3 Summary of Chapters 
A literature review of past research done on transmission switching is pre-
sented in Chapter 2 of this thesis. The concept of transmission switching proposed 
for various reasons like corrective switching and congestion management, and the 
various techniques adopted are listed. A thorough examination of research done 
on co-optimization of transmission with generation dispatch on a DC level is also 
performed in the literature review. 
Chapter 3 gives an overview of generation and economic dispatch along 
with the mathematical formulation of ACOPF. The linear approximation of 
ACOPF to DCOPF is discussed and a brief introduction to network topology op-
timization is provided. 
Chapter 4 begins with an introduction to the research topic and explains 
the motivations behind proposing the concept of the dispatchable networks. The 
differences and similarities between transmission switching and transmission ex-
pansion are emphasized followed by a discussion on the difficulties in solving an 
MINLP. Modeling of ACOPF with transmission switching and the results of stud-
ies performed on an IEEE 118 bus test case are presented. The effect of network 
topology optimization with ACOPF on various AC parameters like voltage and 
losses are examined and the results of transmission switching at various load lev-
els are also included. 
As mentioned in the previous sections, there is a need to study the rela-
tionship between DC and AC transmission switching. This remains the primary 
motivation for Chapter 5. A comparison of results obtained by transmission 
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switching with both DCOPF and ACOPF performed on the same test case is pre-
sented. The inferences that can be made from this comparison are pointed out and 
several conclusions leading to a better understanding of transmission switching 
have been made. 
Chapter 6 proposes a heuristic to overcome the major setback of AC 
transmission switching, i.e., the solution time. The results of the heuristic are pre-
sented and the solution time and accuracy of the heuristic results are compared 
against the original network topology optimization results obtained in Chapter 4. 
An attempt to address the general misconceptions of congestion on a transmission 
line has also been made with the aid of a new heuristic. 
A summary of the results and various conclusions to this thesis are pre-
sented in Chapter 7 followed by a discussion on the future research prospects in 
the field of optimal transmission switching in Chapter 8. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
The aim of this research is to study the impacts of topology optimization 
on the ACOPF, compare the ACOPF topology optimization problem to the 
DCOPF, and to examine potential solution techniques. A history and background 
on previous work done on transmission switching is presented in this chapter. A 
review of the origin of dispatchable networks and past research examining trans-
mission switching on a DC level is provided. A list of contemporary industry 
practices related to switching of lines is also discussed.  
2.2 Legislative Mandates and National Directives 
The increase in the importance of electric power calls for an urgent im-
provement in the technology of the electric grid. Reference [1] refers to a 50% 
increase in electricity consumption by 2030, which increases the stress on an al-
ready overworked network. A smarter grid not only improves the efficiency of the 
electric transmission and distribution systems but also ensures a secure and reli-
able power system. This research is in line with several national directives ad-
dressing this need for a smarter and more flexible grid. 
The United States Energy Policy ACT (EPACT) of 2005 calls for ad-
vanced transmission technologies while the FERC order 890 encourages the im-
provements in economic operations of transmission grid. This thesis on “Network 
topology optimization with ACOPF” aims to address these national policies. It is 
also in accordance with the Energy Independence and Security Act (EISA), which 
was passed by the United States Congress and approved by the President in De-
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cember 2007. Title XIII of EISA defines a smart grid and continues to 
“…establish a federal policy to modernize the electric utility transmission and dis-
tribution system…”. The intention of this research is to harness the control of 
transmission assets by the dynamic optimization of the grid and the co-
optimization of transmission with generation, thereby encouraging a smarter, 
flexible, and more efficient electric network.  
2.3 Loss Minimization  
There is a common misconception that when transmission lines are taken 
out of service, the losses in the system increase. However, in practice it cannot be 
proven whether the losses increase or decrease as the total network is re-
dispatched once the topology is reconfigured. There have been several papers in 
the literature stating the use of topology reconfiguration as a means for loss reduc-
tion in the power network.  
Reference [2] introduces a current injection based switching model, which 
is treated as an optimization problem to demonstrate the ability of switching to 
minimize losses. This concept is further explored by [3] and [4], which describe a 
piece-wise linear approximation to find the relation between real power losses and 
line flows. A linear MIP is used to demonstrate the decrease in losses. It is to be 
noted that this optimization problem has an objective to minimize losses as op-
posed to maximizing social welfare, which should be the true goal of the optimi-
zation problem. 
This research also focuses on studying the impact of transmission switch-
ing on losses in the system and this is done by co-optimizing the topology with 
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generation, thereby studying the effect of losses with transmission switching 
while simultaneously ensuring maximized social welfare. As it will be shown in 
the results of the following chapters, the misconception that losses increase when 
transmission lines are switched will also be addressed. 
2.4 A Corrective Mechanism 
Past research proposes transmission switching as a corrective mechanism 
to overcome network constraint violations like line overloads and voltage devia-
tions. Reference [5] developed an algorithm for switching ranked transmission 
lines to alleviate system overloads in 1986. Reference [6] proposes a linear pro-
gramming based optimization problem to relieve the system of undesirable condi-
tions. A ranking methodology that places branch switching operations in order of 
their effectiveness to provide corrective actions is devised in this paper. These 
researches assume the generation dispatch to be fixed while topology optimization 
is applied. This assumption takes away from the benefit of co-optimizing the net-
work with generation, thereby creating a more efficient grid. 
Reference [7] presents a search mechanism combining N-1 security analy-
sis and optimal power flow. A heuristic that utilizes transmission switching as a 
corrective mechanism for contingencies is presented. However, this method does 
not generate the optimal solution due to the complexity of the optimization prob-
lem and works with a candidate set of switching actions. Reference [8] proposes a 
control strategy for short time stabilization using switching concepts. Though 
their simulations demonstrate the use of transmission switching for improvement 
of transient response of a system, this method relies on control strategy rather than 
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an optimization method. Reference [9] presents a practical implementation of the 
Corrective Switching Algorithm (CSA) for overload relief. This method is again 
based on a searching algorithm and a set of pre-selected candidate lines list. Also, 
generation is re-dispatched after the switching action instead of a simultaneous 
optimization of generation and transmission profiles. 
Reference [10] is a review paper on the various switching techniques and 
practices available for helping with voltage violations and line overloads. It also 
addresses the practical issues with the application of corrective switching and dif-
ferentiates between the various methods that have been suggested regarding this 
concept. Reference [11] puts forward an algorithm to find the best switching ac-
tion to alleviate line overloads and voltage violations caused by system faults. 
This technique is based on fast decoupled power flow and has a limited iteration 
count for generating solutions faster. Reference [12] gives a feasible load flow 
study for base case and contingency cases using corrective switching methods. 
The technique proposed is based on constraint programming and a tree search 
method formulation. 
2.5 Congestion Management Tool 
It has generally been assumed that taking transmission lines out of service 
increases the congestion in the system. This misconception has been proven 
wrong in this research. It cannot be assumed that congestion on the network in-
creases or decreases, just as it cannot be assumed that losses must increase with 
the switching of transmission lines. Network topology optimization allows for a 
system re-dispatch, which makes it impossible to state the impact on congestion. 
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The concept of transmission switching as a tool for congestion management has 
been investigated by [13]. The proposed technique is based on both deterministic 
and genetic algorithms to reconfigure the system so as to minimize congestion in 
the network. Reference [14] devises a topology re-dispatch congestion manage-
ment methodology. The expectation of increased congestion in the system due to 
high renewable penetration has been stated as the motivation for the improvement 
in congestion management techniques.  
2.6 Evolution of Network Topology Optimization 
The concept of dispatchable networks was first introduced in [15]. Further 
research on the feasibility of network topology optimization was conducted in 
[16]. A mixed integer linear programming optimization problem was formulated 
to find the optimal generation dispatch when transmission line status is co-
optimized with generation. An extension to this work is found in [17] where 
transmission switching with DCOPF was analyzed. The various aspects of this 
research are summarized in detail in the following section. Additional simulations 
to test the practicality of transmission switching and the various computational 
issues have been addressed in [18].  
Thus, the concept of transmission switching has come to light in recent 
years and extensive research in this area is necessary to completely evaluate its 
potential and address any concerns related to network topology optimization. 
2.7 Optimal Transmission Switching with DCOPF 
The progression of dispatchable networks has been discussed in the previ-
ous section. Extensive work on the co-optimization of network topology with 
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generation dispatch in a DCOPF model has been done in [17]. The impact of 
transmission switching on nodal prices, generation revenue and rent, load pay-
ment, and congestion rents is studied. Reference [19] examined the co-
optimization of generation unit commitment with transmission system with N-1 
reliable DCOPF model. It was demonstrated that a system can comply with N-1 
standards within the assumptions of the model, in spite of having a different opti-
mal unit commitment solution due to transmission switching.  
One question that has yet to be answered is whether N-1 reliability can be 
achieved when co-optimizing the topology with generation based on an ACOPF 
framework. Due to the computational complexities of the MINLP formed by net-
work topology optimization using ACOPF, checking for reliability of the system 
on an AC level can be performed similar to the unit commitment problem. Unit 
commitment is performed on DCOPF and the solution is fixed to find an AC fea-
sible power flow. Similar to this, an N-1 reliable solution is found for DCOPF and 
the solution is fixed before solving for an AC feasible solution. Co-optimizing the 
system for reliability with network topology optimization makes it an extremely 
difficult problem for the present day commercial solvers to solve. However, pre-
vious academic research and industrial practices referenced in the above sections 
demonstrate the utilization of transmission switching for corrective mechanisms 
and congestion management, thereby improving reliability of the network. There-
fore, such previous research suggests that network topology optimization can be 
formulated in such a way so as to not violate N-1 reliability standards.  
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Reference [20] continues on to propose a concept called Just-in-time 
transmission to further ensure the reliability of a system when topology optimiza-
tion is applied. Reference [21] addresses the concerns that transmission switching 
might lead to revenue inadequacy. The structure and principles that the current 
market system is based on has been developed in tandem with the way energy 
markets have been operating for the past decade. With new technologies, there is 
a need to review these principles. However, this paper on revenue adequacy illus-
trates that the concept of dispatchable networks can be modified to maximize so-
cial welfare while warranting revenue adequacy, if desired. 
All previous work presented in this chapter justifies the need for additional 
exhaustive research to be done in the field of network topology optimization. This 
provides the necessary motivation for the current research on transmission switch-
ing with ACOPF. This work attempts to put the idea of harnessing the control of a 
transmission system in perspective and explores the potential of adding an addi-
tional layer of control to the electric grid in order to further the steps taken to-
wards creating the much anticipated smart grid. 
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CHAPTER 3: GENERATION DISPATCH AND OPTIMAL POWER FLOW 
3.1 Generation Dispatch 
The electric industry is comprised of four major components: Generation, 
Transmission, Distribution, and the Load. The traditional operation of the grid has 
the operator dispatching the generation at minimum generation cost to meet the 
load while keeping the remaining assets fixed. Modern technologies aim to create 
flexibility in all components of the grid, resulting in a smarter and more efficient 
electric network. Capturing the flexibility in load, e.g., modeling of deferrable 
load, would create a more flexible and smarter grid. Harnessing the flexibility in 
the network topology e.g., FACTS devices and transmission, would further add an 
additional layer of control on the transmission side.  
3.2  Economic Dispatch 
Economic dispatch is an optimization problem that finds the minimum 
generation cost for generation dispatch in order to meet load on the system while 
adhering to the minimum and maximum generator capacity constraints. As none 
of the network flow constraints are taken into consideration this is also called un-
constrained economic dispatch. It sets a lower bound on the optimal power flow 
problem. Economic dispatch is a sub problem of unit commitment. Unit commit-
ment models a generator’s ON or OFF status, its minimum and maximum capac-
ity, ramp rates, up and down time constraints, no-load and startup costs as well as 
its available reserve. 
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3.3  Optimal Power Flow 
The majority of the transmission grid operates based on an AC setting. 
The ACOPF problem represents the transmission of power from the point of gen-
eration to the load through the transmission lines at the optimal generation cost. 
These flows on the transmission lines are governed by Kirchhoff’s laws and 
ACOPF takes into consideration these laws in the form of constraints. 
The ACOPF formulation is shown below: 
Minimize: ∑ cgPg                                                                                                (3.1) 
                  
g      
subject to: 
-Sk2 ≤ (Pkmn2+Qkmn2) ≤ Sk2, ∀k                                                                           (3.2) 
-Sk2 ≤ (Pknm2+Qknm2) ≤ Sk2, ∀k                                                                           (3.3) 
Vm2Gk+Vm2Gmk-VmVn(Gk cos(θm-θn)+Bk sin(θm-θn))-Pkmn=0, ∀k                        (3.4) 
Vn2Gk+Vn2Gnk-VnVm(Gk cos(θn-θm)+Bk sin(θn-θm))-Pknm=0, ∀k                          (3.5) 
Qkmn+Vm2Bk+Vm2Bmk+VmVn(Gk sin(θm-θn)-Bk cos(θm-θn)) =0, ∀k                      (3.6) 
Qknm+Vn2Bk+Vn2Bnk+VnVm(Gk sin(θn-θm)-Bk cos(θn-θm)) =0, ∀k                        (3.7) 
∑Pknm+∑Pkmn-∑Pg+Pdn=0, ∀n                                                                           (3.8) 
∀k(.,n)     ∀k(n,.)     ∀g(n) 
∑Qknm+∑Qkmn-∑Qg+Qdn=0, ∀n                                                                         (3.9) 
∀k(.,n)      ∀k(n,.)     ∀g(n) 
Pmin ≤ Pg ≤ Pmax, ∀g                                                                                         (3.10) 
Qmin ≤ Qg ≤ Qmax, ∀g                                                                                        (3.11) 
-θmax ≤ θn-θm ≤ θmax, ∀k                                                                                   (3.12) 
Vmin ≤ Vn ≤ Vmax, ∀n                                                                                        (3.13) 
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The objective of the ACOPF problem is to maximize the total social wel-
fare. However, with the assumption that load is perfectly inelastic, minimizing the 
total generation cost is the same as maximizing the total social welfare. Hence, 
the objective (3.1) is to minimize the total generation cost wherein the generator 
cost curve is assumed to be linear or approximated by piecewise linear cost curve. 
Constraint (3.2) and (3.3) represent the capacity constraints on the trans-
mission line k in both directions. The power flows on the transmission lines are 
considered in both the directions to calculate the losses involved in transmission. 
Equation (3.4) represents the real power flow on transmission line k from 
node m to node n. Constraint (3.5) represents the real power flow on line k from 
node n to node m. Similarly, (3.6) and (3.7) reflect the reactive power flow on line 
k in both the directions. The terms Gmk and Bmk in the above constraints represent 
the shunt conductance and susceptance respectively, at bus m of the transmission 
line k and the terms Gnk and Bnk represent the shunt conductance and susceptance 
respectively, at bus n of the transmission line k. 
Constraints (3.8) and (3.9) are the node balance or power balance equa-
tions, which characterize the law of conservation of energy. The node balance 
equations specify that the power flow into a bus must equal the flow out of the 
bus. The absolute value of the sum of line flows in both the directions represents 
the line flow loss and is considered as a withdrawal. The load consumption on a 
bus is also considered as a withdrawal whereas the sum of generation is an injec-
tion at the bus. Hence, the node balance equation (3.8) ensures that the total real 
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power injected into a bus equals the real power withdrawal at that bus and (3.9) 
applies to the reactive power conservation at a particular bus. 
Constraints (3.10) and (3.11) reflect the real and reactive generation ca-
pacity on the generator respectively. It is to be noted that this is a linear represen-
tation of the generator’s actual restriction on its real and reactive power governed 
by its P-Q curve. Since unit commitment on an AC level is a very hard problem to 
solve, it is assumed that the generators are online and the minimum real power 
generation capacity on every generator is assumed to be at zero though this is not 
necessarily true in a practical test case. 
Equation (3.12) restricts the angle difference between any two buses con-
nected by a transmission line. If the angle difference between the buses is too high 
it may lead to a system collapse; hence, it is imperative that the angle difference 
be constrained. 
Constraint (3.13) sets limits on the voltage at each bus. This constraint is 
important to ensure voltage stability on the system as both over voltage and under 
voltage have serious repercussions on the stability of the system. 
It is seen from the above formulation that ACOPF is a nonlinear non con-
vex optimization problem and some of the constraints have trigonometric terms. 
This makes ACOPF a very difficult problem to solve. To deal with this difficulty, 
certain assumptions are made to linearize the AC power flow problem creating a 
linear programming problem called the DCOPF. 
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3.4  DCOPF 
The non-convexity of the constraints in an AC power flow problem makes 
it a very hard problem to solve and some of the present day NLP commercial 
solvers cannot handle the complexity of an ACOPF. Consequently, several ap-
proximations are made to linearize the ACOPF, which result in the DCOPF.  
In a DCOPF, the reactive power component is ignored and the resistance 
is assumed to be such that rk<< xk, or basically assumed to be zero. This assump-
tion makes the DC model lossless and eliminates the need for representing the 
line flow in both directions. Hence, the line flow variables, Pkmn and Pknm in the 
line flow rating, power flow constraints, and the node balance equations, (3.2)-
(3.9), are replaced by a single line flow variable Pk. 
In addition, the voltage magnitudes are assumed to be 1.0 p.u. Generally, 
the voltage at a bus is very close to 1.0 p.u and such an assumption eliminates the 
non-linearity caused by the product of voltage variables with other variables in the 
constraints (3.4)-(3.7). Furthermore, the angle difference between any two buses 
connected by a transmission line is assumed to be small. This assumption can be 
used to simplify the trigonometric terms in (3.4)-(3.7). The small angle approxi-
mation in trigonometry states that the cosine of a small angle is approximated as 1 
and the sine of a small angle is the angle itself (in radians).  
Upon application of these assumptions, the linear DCOPF formulation is 
as shown below: 
Minimize: ∑ cgPg                                                                                             (3.14) 
                  
g           
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subject to: 
-Pkmax ≤ Pk ≤ Pkmax, ∀k                                                                                     (3.15) 
Pk-Bk(θn-θm)=0, ∀k                                                                                           (3.16) 
∑Pk - ∑Pk + ∑Pg - Pdn=0, ∀n                                                                           (3.17) 
∀k(n,.)  ∀k(.,n)   ∀g(n)
 
Pmin ≤ Pg ≤ Pmax, ∀g                                                                                        (3.18) 
-θmax ≤ θn-θm ≤ θmax, ∀n                                                                                   (3.19) 
It is seen from the above formulation that the DCOPF is a linear pro-
gramming problem, which is easier and faster to solve. Also, the ACOPF by itself 
is a difficult problem to solve and the addition of a unit commitment problem 
would make it an even harder problem to solve. For these reasons, system opera-
tors run a DCOPF with unit commitment to find the optimal generation dispatch. 
After an optimal solution in the DC is obtained, this optimal solution is used as an 
initial solution to run an ACOPF and a local optimal solution to the ACOPF is 
found. If a local optimum is not reached within a set time frame, an AC feasible 
solution generated by the solver is used.  
However, DCOPF is an approximation to the ACOPF and, hence, does not 
represent the actual electric system. Several parameters like reactive power, 
losses, etc., are neglected in the DC model and remedies such as proxy limits have 
been proposed in the literature to deal with these shortcomings of DCOPF.  
DCOPF can also be formulated using Power Transfer Distribution Factors 
(PTDFs) to represent the network flow constraints. However, PTDFs are depend-
ent on the network topology and need to be recalculated for every change in to-
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pology. This increases the computational complexity of the DCOPF network to-
pology optimization problem. Furthermore, PTDF calculations do not take pa-
rameters such as reactive power, losses and voltage into consideration. For this 
reason, formulating transmission switching with ACOPF model using PTDFs 
might result in inaccuracies in addition to increasing the complexity of the opti-
mization problem itself. Hence, the above proposed formulations are used for 
DCOPF and ACOPF transmission switching computation throughout this thesis. 
3.5 Network Topology Optimization 
Previous work on DC transmission switching can be found in the litera-
ture. This research extends upon DC network topology optimization and aims to 
validate the concept of dispatchable networks from an AC point of view. This the-
sis proceeds to show that co-optimizing the network along with generation can 
lead to substantial economic savings. Details such as the frequency of performing 
transmission switching in practice: real time, day ahead or monthly, transient sta-
bility, and market impacts of transmission switching are examined.  
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CHAPTER 4: NETWORK TOPOLOGY OPTIMIZATION WITH ACOPF 
4.1 Overview of Network Topology Optimization 
The electric grid is built with redundancies in order to account for contin-
gencies and ensure reliable operations. While redundancies are necessary for reli-
ability, not all the transmission lines are needed at every operating state. The state 
of the system changes with variations in load and generation. Since the optimal 
network topology configuration changes with the operating state, the use of a 
static network topology is inefficient. Therefore, co-optimizing the network to-
pology with generation guarantees a solution that is either better than or at least as 
good as the previous optimal solution since network topology optimization creates 
a superset of feasible solutions.  
It is shown in further chapters that incorporating transmission switching in 
the traditional OPF leads to significant savings in generation cost. Section 4.2 dis-
tinguishes between transmission planning and transmission switching. Section 4.3 
discusses the unavailability of commercial solvers to solve the difficult MINLP 
problems like ACOPF with transmission switching and the actions taken to over-
come these solver issues in this research. The modeling of a binary variable to 
represent the switching on and off of transmission lines in a network is explained 
in Section 4.4. Sections 4.5 and 4.6 present and analyze the results of transmission 
switching when incorporated with ACOPF modeled in an IEEE 118 bus test sys-
tem. The effect of transmission switching on varying load levels is discussed and 
the results are presented in Section 4.7. The remaining sections explore the impact 
of dispatchable networks on losses and voltage. 
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4.2  Transmission Planning 
It is important to understand the differences between short term network 
topology optimization and transmission planning. It may be assumed that optimal 
transmission switching is only beneficial with a poorly planned network. Trans-
mission planning is a long term optimization problem that endeavors to find an 
optimal topology for the electric grid over a large period of time. The evaluation 
criterion is based on either reliability or economics. However, since the load and 
generation of the network change from period to period, not all transmission lines 
may be required at all periods of operation. While transmission planning is a long 
term problem that seeks to find the best line over multiple periods, optimal trans-
mission switching determines the optimal network configuration for a particular 
operating state. As such, the optimal network topology in the long run need not be 
the same as the optimal topology for specific operating states. Therefore, the 
flexibility of the network topology should be considered in the short term in order 
to improve system operations and reliability.  
4.3 Commercial solvers for MINLP 
ACOPF is a very difficult nonlinear non-convex problem with trigonomet-
ric functions in its constraints. It is a very hard problem to solve and is highly 
time consuming. Incorporating transmission switching in ACOPF involves mod-
eling of a binary variable, which makes the transmission switching ACOPF a 
MINLP problem, an even more complex problem to be solved. Modern day 
solvers are largely capable of handling mixed integer linear programming prob-
lems. There are commercial solvers that can handle some of the non-convex 
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nonlinear problem but do not always guarantee a good solution. However, these 
solvers do not have the capability to deal with a MINLP problem. The unavail-
ability of solvers that can deal with the complexity of network topology optimiza-
tion on a large scale in an AC setting makes the concept of transmission switching 
very difficult.  
A brute force method of solving the ACOPF while each of the transmis-
sion lines is switched out individually is applied to an IEEE 118 bus system and 
the results are presented in the following chapters. This complete enumeration 
method is proposed as an investigative methodology to analyze AC network to-
pology optimization as opposed to being suggested as a solution technique to be 
used for practical application of transmission switching. This method is primarily 
employed as a means to run comparative analysis between AC transmission 
switching and DC switching transmission switching, as discussed in the following 
chapters. This method makes the MINLP into a nonlinear programming problem, 
thus overcoming the solver issue as well. This technique, however, has the draw-
back of a high solution time. A heuristic has been proposed in the later chapters to 
reduce the computational time. The results obtained from this exhaustive search 
method are also used as a measure against the efficiency of the heuristic.  
4.4 Modeling of Transmission Switching 
Transmission switching is represented in an ACOPF by a binary variable 
zk indicating the line is in service or out of service. If zk=1, it represents the line is 
closed and in service; zk=0 indicates that the line is open and out of service. This 
binary variable ensures that line flow constraints and line flow variables are zero 
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for the corresponding opened line in the ACOPF formulation. The new ACOPF 
formulation reflecting the state of the transmission line is defined below. 
Minimize: ∑ cgPg                                                                                                (4.1) 
                  
g      
subject to:  
-zk Sk2 ≤ (Pkmn2+Qkmn2) ≤ zk Sk2 ,∀k                                                                      (4.2) 
-zk Sk2 ≤ (Pknm2+Qknm2) ≤ zk Sk2, ∀k                                                                      (4.3) 
zk (Vm2Gk+Vm2Gmk-VmVn(Gk cos(θm-θn)+Bk sin(θm-θn))-Pkmn)=0,∀k                  (4.4) 
zk (Vn2Gk+Vn2Gnk-VnVm(Gk cos(θn-θm)+Bk sin(θn-θm))-Pknm)=0, ∀k                    (4.5) 
zk (Qkmn+Vm2Bk+Vm2Bmk+VmVn(Gk sin(θm-θn)-Bk cos(θm-θn)))=0,∀k                  (4.6) 
zk (Qknm+Vn2Bk+Vn2Bnk+VnVm(Gk sin(θn-θm)-Bk cos(θn-θm)))=0, ∀k                   (4.7) 
∑ (zk Pknm)+∑ (zk Pkmn)-∑Pg+Pdn=0, ∀n                                                            (4.8) 
∀k(.,n)                ∀k(n,.)              ∀g(n) 
∑ (zk Qknm)+∑ (zk Qkmn)-∑Qg+Qdn=0, ∀n                                                          (4.9) 
∀k(.,n)                ∀k(n,.)               ∀g(n) 
Pmin ≤ Pg ≤ Pmax, ∀g                                                                                           (4.10) 
Qmin ≤ Qg ≤ Qmax, ∀g                                                                                         (4.11) 
-θmax ≤ θn-θm ≤ θmax, ∀k                                                                                    (4.12) 
Vmin ≤ Vn ≤ Vmax, ∀n                                                                                          (4.13) 
zk ∈{0,1}, ∀k                                                                                                    (4.14) 
The constraints (3.2) and (3.3) are modified to (4.2) and (4.3) with the ad-
dition of the binary variable zk to represent the status of each transmission line. 
When the line is in service, zk = 1 and (4.2) and (4.3) are similar to (3.2) and (3.3). 
When the transmission line is open zk = 0, this makes the minimum and maximum 
branch rating capacities equal to zero, which forces the power flow on the corre-
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sponding branch to zero. Similarly, Equations (3.4)-(3.7) are modified to (4.4)-
(4.7) by the incorporation of transmission switching. Multiplying the real and re-
active power balance Equations (4.4)-(4.7) with zk forces these equations to zero, 
in case of an open transmission line and retains the power balance equations, in 
the case of a transmission line in service. As can be seen from the above formula-
tion, this is a MINLP with the incorporation of the binary variable zk. 
The complexity of solving a MINLP has been explained in Section 4.3. 
Another formulation of transmission switching, which makes the binary variable 
into a continuous variable, is shown below. Equation (4.14) in the above formula-
tion is substituted with (4.15) and (4.16). 
0≤zk≤1, ∀k                                                                                                       (4.15) 
zk(1-zk) = 0, ∀k                                                                                                 (4.16) 
Equation (4.15) makes zk a continuous variable allowing any value be-
tween 0 and 1 to be assigned to zk whereas (4.16) ensures that the value of zk is 
either 0 or 1 only. This formulation makes transmission switching a nonlinear 
programming problem. However, each of the zk values produce their own local 
optimal solutions based on Equation (4.16) and the optimization program termi-
nates when the first feasible solution is obtained. This drawback, in addition to the 
non-convex nature of the problem combined with the hard constraints of ACOPF 
retains the complexity of the formulation and makes it a very difficult problem, 
which still cannot be solved by current available solvers. In view of this, the ini-
tial formulation of network topology optimization with ACOPF is henceforth used 
in all computations. 
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4.5  IEEE 118 Bus Test System 
The ACOPF with network topology optimization formulation shown in 
Section 4.3 is written in AMPL, a mathematical modeling language. A nonlinear 
optimization solver, KNITRO was used for the ACOPF with transmission switch-
ing. The data for the 118 bus system was obtained from [22] and was modified to 
meet the AC requirements. The test system is comprised of 118 buses, 24 genera-
tors and 186 transmission lines. The total real power capacity of the test system is 
6806.2 MW and the reactive power capacity is 7029 MVAr with the total demand 
on the system at 4519 MW.  
The transmission lines’ capacities and generator cost information have 
been obtained from [17]. The largest generator has a maximum capacity of 805.2 
MW and the smallest generator has a maximum capacity of 100 MW. The mini-
mum capacity of all the generators is assumed to be 0 MW as unit commitment is 
not considered in the AC formulation. 
4.6  Results and Analysis 
The original ACOPF without transmission switching was solved in KNI-
TRO and the total generation cost was found to be at 2986.59 $/h. The entire op-
timization problem was solved in 18.09 s. Due to the complexity of a MINLP 
problem and the unavailability of solvers, the optimal line to be opened when 
transmission switching is incorporated in ACOPF is found using a brute force 
method. The optimization problem is solved repeatedly by opening up each indi-
vidual transmission line in the system and the transmission line that, when out of 
service, results in the least generation cost is selected as the optimal line to be 
 opened. This technique of testing every line in the network is not conducive for 
practical application of transmission sw
ciency. For this reason, this method only serves as an investigative approach to 
determine the effect of network topology optimization in the AC setting. 
The optimal line to be opene
this method was line 32
2925.82 $/h. For a better understanding, the results are expressed in terms of % 
savings in cost from the original formulation to ACOPF with switching. In this 
case a total of 2.03% economic savings were achieved by taking line 32 out of 
service. 
Fig.4.1 One line diagram of IEEE 118 bus test system with line 32 open
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itching due to its computational ineff
d for the IEEE 118 bus test system 
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The following Table 4.1 shows the percentage savings in total generation 
cost for the IEEE 118 bus test system with a load of 4519 MW against the number 
of lines opened and the computational time for each of the optimization problems. 
Table 4.1 Transmission switching results for IEEE 118 bus case 
Number of lines 
open 
% savings in total genera-
tion cost 
Time to solve (h) 
1 2.03 1.2 
2 3.75 1.87 
3 4.3 11.03 
 
Fig.4.2 is a graphical representation of the economic savings of the system 
with transmission switching. It is to be observed that with the opening of the sin-
gle best line, there is a 2% savings in generation cost. Though the savings in cost 
increase as more lines are opened, the percentage of savings obtained by opening 
two lines is not as high as that obtained by opening the first line alone. This 
method has the disadvantage of a very long computational time. As seen from Ta-
ble 4.1, it takes over an hour to find the single best line to be opened in the 118 
bus test case. A heuristic is suggested in the later chapters to overcome this high 
computational time. Another drawback of this method is that the optimality of the 
solutions cannot be guaranteed. When more than one line is to be opened, this 
technique finds the next best line to be opened given that the single best line cho-
sen in the first iteration remains open during the rest of the iterations. However, it 
is possible that there exists another combination of lines to be opened that could 
give a better or at least as good as the solution that is obtained by this method. 
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Nevertheless, the solution obtained by this method still yields significant eco-
nomic savings.  
 
Fig.4.2 Graph showing economic savings against number of lines open for 
IEEE 118 test system. 
 
4.7 Effect on Varying Loads 
A light coming on or a fan turning off, such everyday activities cause a 
varying load profile. This fact leads to a discussion on the effect of transmission 
switching on varying loads. Moreover, references to the implementation of trans-
mission switching at lightly loaded levels to overcome voltage violations can be 
found in the literature. References [23] and [24] indicate procedures to switch 
transmission circuits, as a part of contemporary industry practices to handle volt-
age violations.  
Two types of load variations are considered for the 118 bus test system 
described in Section 4.4. Firstly, a set of random variations of the load are consid-




































Number of lines opened
% savings
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Four different load levels including the original 4519 MW are taken and 
the results are presented in Table 4.2. As mentioned in the earlier section, the time 
to solve for the above optimization problems is high and increases as the number 
of lines to be opened increases. It is also concluded that there is no pattern in the 
time to solve as the load increases. This is mainly because of the difference in op-
erating conditions of the various loads and it need not necessarily be faster to 
solve for a lower load level than a higher load level. 
Table 4.2 Results of switching at varying load levels for 118 bus test case 
 









Total cost without switching 
($/h) 
1458.87 1735.77 2986.59 
3912.3
9 
Solution time (min) 0.475 0.202 0.302 0.215 
% savings in cost with switching 
(1 line open) 
3.73 3.54 2.03 1.89 
Branch number of the opened 
line(s) 
32 32 32 102 
Solution time (min) 53.9 53.69 72.23 105.02 
% savings in cost with switching 
(2 lines open) 
4.19 4.43 3.78 3.43 
Branch number of the opened 
line(s) 
32, 102 32, 5 32, 124 
32, 
102 
Solution time (min) 88.8 76.8 112.2 98.4 
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The branch numbers of the lines to be opened are also presented in Table 
4.2. It is observed that all the load levels except 4957 MW have line 32 in com-
mon to be opened for one transmission line to be opened. However, when 2 lines 
are to be opened, line 32 is common for all the load levels. This establishes the 
possibility of having a candidate set of lines that can be opened under different 
load levels for any given system. Having a set of candidate lines to study the im-
pact of transmission switching, instead of performing the entire optimization 
process to find the single most optimal line, reduces the computational time 
greatly and helps overcome the high solution time factor mentioned earlier.  
In addition to Table 4.2, a graphical representation of the % savings is pre-
sented below for a better understanding of the effect of transmission switching on 
different load levels. It is seen from Fig.4.3 that as the load level increases there is 
a consistent decrease in the percentage savings when the single most optimal line 
is opened.  
 
























% savings with 1 
line open
% savings with 2 
lines open
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When 2 transmission lines are switched in the network, there is no ob-
served trend in the percentage savings. This may be attributed to the previous 
statement made in Section 4.5 regarding the possibility of finding a better solution 
when more than one line is switched. The above process is repeated with a new 
set of load levels calculated as a percentage of the actual load of 4519 MW. The 
load levels considered are 80%, 90% 100%, 105% and 110% of the actual system 
load. The results of network topology optimization run on the above load levels 
are tabulated in Table 4.3 and show that the computational time continues to be 
high.  
Table 4.3 Results of switching for loads as a % of the actual load level 
 











Total cost without 
switching ($/h) 
1267.64 1847.36 2986.59 4146.13 5527.9 
Solution time (min) 0.083 0.108 0.302 0.223 0.206 
% cost savings with 
switching (1 line 
open) 
6.01 3.15 2.03 2.15 1.27 
Branch number of 
the opened line 
123 125 32 32 32 
Solution time (min) 25.17 51.51 72.23 149.19 91.69 
% cost savings with 
switching (2 lines 
open) 
9.12 4.45 3.78 2.70 1.51 
Branch numbers of 
the opened lines 
37, 123 135, 125 32, 124 32, 52 32, 47 
Solution time (min) 69.6 88.2 112.2 850.2 99.6 
 
  32 
Once again it is observed that most of the load levels have a common sin-
gle best line to be opened, i.e., line number 32. Some of the parallel lines, like line 
123 and 124, may also be considered in the candidate list of lines to be opened at 
some of the load levels. It is seen from the graph in Fig.4.4 that the percentage of 
savings decreases with an increase in load similar to the percentage savings ob-
served with the previous set of randomly varying load levels. This section empha-
sizes the influence of transmission on varying loads and highlights some of the 
advantages of network topology optimization.  
Fig.4.4 Graph showing cost savings against load levels in percentages. 
4.8 Losses 
Previous sections of this chapter emphasized the economic savings ob-
tained by transmission switching and its performance under varying load condi-
tions. In the previous work of DC approximation of transmission switching, losses 
are neglected. This section proceeds to explain the impact of transmission switch-
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system losses when a transmission line is taken out of service. On the contrary, 
literature review of chapter 2 indicates that the concept of dispatchable networks 
is used for minimization of losses in a system, dispelling the above assumption. 
Nonetheless, it is not true that every line, when taken out of service results in re-
duced losses. It is not possible to predict whether the losses in a network increase 
or decrease when a line is taken out of service. The flows in an electric network 
are governed by Kirchhoff’s laws. When a transmission line is switched off, this 
creates an entirely new optimization problem with a new operating state, which in 
turn leads to a new power flow profile. This is demonstrated by the results pre-
sented in this chapter. 
The real power losses in the IEEE 118 bus test system have been calcu-
lated before and after switching and the results are shown below for a load level 
of 4519 MW. It is seen from Fig.4.5 that the real power loss of this system in-
creases as more lines are opened. The economic savings of the system increase as 
number of lines opened increases although the losses also increase. However, it 
cannot be said conclusively that the losses always increase when a line is taken 
out of service. The graph shown in Fig.4.6 illustrates the possibility of decrease in 
losses with transmission switching and generation redispatch. The losses in an 
IEEE 118 bus test system with a load level of 4017 MW are plotted against the 
number of lines opened. 
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Fig.4.5 Graph showing real power losses and percentage savings against 
number of lines open in a 4519 MW 118 bus system. 
Fig.4.6 Graph showing real power losses and percentage savings against 
number of lines open in a 4017 MW 118 bus system.  
 
It can be seen that when the single most optimal line is opened, losses de-
crease by 2%. The losses in the system further decrease by another 1% with 2 
lines open. When 3 transmission lines are switched, losses increase above the total 
real power loss without switching. Even though the losses decrease initially and 
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in the number of lines opened. This example demonstrates that the economic sav-
ings due to transmission switching are not dependent on system losses alone. 
4.9 Voltage 
Previous research on transmission switching with DCOPF works with the 
assumption that the voltage magnitude is 1.0 p.u. This research aims to explore 
the impacts of transmission switching on voltage without this assumption. There 
are instances in the literature, as mentioned in Chapter 2, where the concept of 
switching lines is used to overcome voltage magnitude violations. This research 
further explores the impact of transmission switching on voltage in a system. 
 It is very important that the voltages in a system are within their specified 
limits. Voltage magnitude violations can cause serious damage to the system and 
might lead to voltage instability and in some cases result in cascading outages. 
Over voltages can cause equipment damage and trip transmission elements. Under 
voltages cause the stalling of generating units and equipment malfunction. For 
these reasons, it is essential to study the impact of transmission switching on volt-
age of the system. 
The graphs shown in Fig.4.7 and Fig.4.8 depict the voltage magnitude pro-
file of the IEEE 118 bus test system with load levels of 4519 MW and 4957 MW 
respectively. The voltage magnitude limits are set at 94% to 106%. It can be ob-
served from the below graphs that the voltage magnitude profile of the system 
with switching follows closely with that of the voltage magnitude profile without 
switching and the two profiles closely overlap each other to the point that they are 
relatively indistinguishable.  
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Fig.4.7 Voltage magnitude profile of IEEE 118 bus test system with load 
at 4519 MW. 
 
Fig.4.8 Voltage magnitude profile of IEEE 118 bus test system with load 
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In Fig 4.8, it is seen that there is an improvement in voltage magnitude 
with switching at some of the buses. This is in line with the research on switching 
of lines to improve on voltage presented in the literature review of Chapter 2. 
The voltage magnitude of a system is closely related to its reactive power. 
Changes in reactive power profile affect the voltage magnitude of the system as 
well. A decrease in reactive power results in voltage magnitude drop and forces 
the current to increase in order to maintain constant power. This in turn needs 
more reactive power leading to a voltage collapse. Reactive power and voltage 
form two components of the power system that support reliability. In light of this, 
studying the impact of transmission switching on voltage magnitude is necessary 
to understand network topology optimization’s effect on reliability of the system 
as well. 
4.10 Summary 
Dispatchable network topology in addition to deployment of generation 
assets has been explored in this chapter. The concept of network topology optimi-
zation has been introduced and the distinction between transmission planning and 
transmission switching has been clarified. The results of transmission switching 
along with ACOPF have been presented. Savings in cost of a total of 3% to 6% 
have been achieved. The losses in the system before and after transmission 
switching have been recorded and it can be concluded that the change in losses 
does not alone determine the economic savings of the system. It is difficult to 
predict whether the losses increase or decrease with the switching off of a particu-
lar line but it has been proven that there could be significant savings in total gen-
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eration cost irrespective of this change in losses. Finally, the impact of transmis-
sion switching on the voltage magnitude profile of the system is analyzed and the 
importance of voltage magnitude and reactive power control for system reliability 
has been discussed. 
This chapter provides insight into the unexplored potential of the concept 
of transmission switching and brings to light the improvement in dispatch effi-
ciency that can be achieved through the implementation of this method. Even 
though the brute force method suggested above is not practically and computa-
tionally feasible for real world application today, the possibility of improvements 
in computational abilities and availability of commercial solvers for this very 
problem makes network topology optimization a viable solution for future imple-
mentation. Application of heuristics and genetic algorithms to achieve a good, if 
not the optimal, solution very fast has been discussed in Chapter 6. 
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CHAPTER 5: COMPARISONS BETWEEN DC AND AC TRANSMISSION 
SWITCHING 
5.1 Overview of DC Optimal Transmission Switching 
Which is better: AC or DC? This is a question that was first raised in the 
late 1800s and continues to be a much investigated area of modern power sys-
tems. While Thomas Edison argued that DC was safer and simpler to work with, 
Nikola Tesla countered by arguing and proving that AC is cheaper and easier to 
transmit. Each of these forms of power has its own pros and cons and neither of 
them can be completely replaced by the other. 
Today, the electric grid is primarily AC in nature except for a few high 
voltage DC transmission lines. A linearized approximation of the ACOPF called 
DCOPF is used for computation of the optimal power flow, for the sake of sim-
plicity and ease of calculation. DCOPF is much faster and computationally effi-
cient. For these reasons, the industry uses LP solvers to find the optimal solution 
for DCOPF and feeds in the DC optimal result as an initial solution to the ACOPF 
in order to generate an AC feasible solution. This method of operating the grid, 
however, does not guarantee the accuracy of the DCOPF solution while allowing 
for all the approximations that are made. In turn, this leads to another debate on 
which is more important: accuracy or computational efficiency. 
Incorporating network topology optimization along with generation dis-
patch involves binary variables and makes the ACOPF, which is already a diffi-
cult non-convex optimization problem, an even harder problem to solve by creat-
ing a mixed-integer nonlinear program. As a result, approximations to the idea of 
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transmission switching with ACOPF may be necessary to implement this concept. 
For this reason, this chapter concentrates on making an association between AC 
and DC transmission switching. The accuracy of DC transmission switching and 
the computational efficiency of AC topology optimization are weighted against 
their counterparts in an effort to answer the above debate. 
5.2 Network Topology Optimization with DCOPF 
The objective of the DC optimization problem is to minimize the total 
generation cost. The formulation of DCOPF, along with this objective, is shown 
in Equations (3.14)-(3.19). A binary variable zk is incorporated in this formulation 
to account for transmission switching similar to the ACOPF with network topol-
ogy optimization formulation. When zk=0, it is indicative of the specific transmis-
sion line k being out of service and zk=1 represents the transmission line is in ser-
vice. The modeling of DCOPF with transmission switching is presented in this 
section. 
Minimize: ∑ cgPg                                                                                               (5.1) 
                  
g           
subject to: 
-zk Pkmax ≤ Pk ≤ zk Pkmax, ∀k                                                                                (5.2) 
Bk (θn-θm) - Pk + (1- zk) Mk ≥ 0, ∀k                                                                     (5.3) 
Bk (θn-θm) - Pk - (1- zk) Mk ≤ 0, ∀k                                                                      (5.4) 
∑ Pk - ∑ Pk + ∑ Pg - Pdn=0, ∀n                                                                          (5.5) 
∀k(n,.)   ∀k(.,n)     ∀g(n)
 
Pmin ≤ Pg ≤ Pmax, ∀g                                                                                          (5.6) 
-θmax ≤ θn-θm ≤ θmax, ∀n                                                                                     (5.7) 
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zk ∈ {0,1}, ∀k                                                                                                      (5.8) 
The line flow capacity constraint (3.15) is modified to (5.2) to reflect the 
state of the transmission line. The binary variable zk forces the line flow to 0 when 
the transmission line is out of service and retains the original capacity limits when 
the line is in service. Constraint (3.16) is replaced by (5.3) and (5.4) to ensure that 
the constraints reflect a line being out of service when zk=0. This is done by intro-
ducing a new variable Mk chosen to be large enough to make sure that (5.3) and 
(5.4) are not binding in the case where the transmission line is open. When the 
line is in service, zk=1 enforcing the two constraints to equality resulting in (3.16). 
A similar model for formulation of DCOPF with transmission switching was pro-
posed in [17]. 
The IEEE 118 bus test system with a load level of 4519 MW described in 
Section 4.6 is used to perform the DCOPF study. The code is written in AMPL 
and the solver used is GUROBI, a MIP solver. The below constraint (5.9) is in-
cluded in the code to impose a restriction on the number of optimal lines to be 
switched off, which is to be specified by the user before the code is run in AMPL. 
∑ (1-zk) = C, ∀k                                                                                                 (5.9) 
 k 
5.3 Results of DC Transmission Switching 
DCOPF of the original network without switching yields a total generation 
cost of 2135.14 $/h within in a solution time of 0.047 s. When transmission 
switching is applied to find the single best line to be opened i.e. C=1 in (5.9), the 
total cost of generation is found to be 1974.31 $/h within a duration of 1.13 s. The 
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most optimal line to be switched off is found to be at line number 123 and yields 
total economic savings of 7.5 %. The graph in Fig.5.1 depicts transmission 
switching in DCOPF for the IEEE 118 bus test system. 
Fig.5.1 Results of IEEE 118 bus case DCOPF with transmission switch-
ing. 
 
It is observed from the above graph that the savings increase gradually as 
the number of lines opened increase. The solution time for switching of lines also 
increases as well with the number of lines opened. This indicates the increase in 
complexity of finding the optimal solution as the number of transmission lines to 
be opened increases.  
The need to examine the impact of optimal transmission switching on 
varying load levels is explained in Section 4.8 and the concept is revisited here in 
the DC setting. The graph in Fig.5.2 shows the effect of transmission switching at 
varying load levels of 4017 MW, 4242 MW, 4519 MW and 4957 MW. It can be 
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in cost as the load increases. This is another exemplar to establish that the out-
come of the optimization problem is largely dependent on the complexity of the 
system at any particular operating state and the optimal solution changes with 
every change in the operating conditions of the network.  
Fig.5.2 Network topology optimization with DCOPF at varying load lev-
els. 
 
Table 5.1 lists the optimal transmission lines that are to be opened at each 
load level. Though there is no recognizable pattern in the lines that are chosen to 
be opened among the different load levels, it is to be observed that there are cer-
tain lines that are repeatedly chosen as the optimal solution for most of the load 
levels, e.g., Line 123. This reiterates the possibility of having a set of candidate 
lines from which a good solution for network topology optimization can be 
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Table 5.1 Transmission lines to switch for C=1 and 2, varying load levels 
Load level 
(MW) 
Single best line to be 
opened, C=1 
Best two transmission 
lines to be opened, C=2 
4017 102 102 and 3 
4242 52 50 and 37 
4519 123 123 and 125 
4957 123 37 and 123 
 
It is also to be noted that for the load level of 4242 MW, the single best 
line to be opened is line 52 whereas the combination of 37 and 50 is the optimum 
solution for switching of two transmission elements. This example refers back to 
the statement made in the previous chapter regarding the optimality of the AC so-
lution generated by a brute force method. When a complete enumeration method 
is applied to find the best two lines to be opened in an ACOPF in the previous 
chapter, the single best line solution is found first and that line is forced to be 
open throughout the other iterations where the process is repeated to find the sec-
ond line to be switched. This technique excludes the possibility of a combination 
of lines, like 37 and 50 in the above test case, that are different from the single 
best line solution of 52 shown above, to yield a better solution. However, trans-
mission switching with DCOPF ensures that the optimal combination of lines is 
chosen, demonstrating the computational efficiency of DC transmission switch-
ing.  
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5.4 Comparison between AC and DC Switching  
A detailed analysis of the results of network topology optimization with 
ACOPF was presented in Chapter 4. The motivation of this section is to highlight 
the significant results of AC transmission switching in comparison with DC 
transmission switching. Fig.5.3 is a representation of the DC and AC transmission 
switching solution times and % savings obtained from the IEEE 118 bus test sys-
tem with a real power load of 4519 MW.  
Fig.5.3 Comparison between AC and DC transmission switching for the 
IEEE 118 bus test system with load at 4519 MW. 
 
The AC solution time is in hours and is quite high in comparison with the 
DC solution time. This reconfirms the computational efficiency of DCOPF with 
transmission switching. This is a major advantage of DC approximation as the 
high solution times of ACOPF make it impractical for real world applications. 
Given these complexities in ACOPF, an alternative approximation method similar 
to that of solving unit commitment problem in DCOPF can be devised for the im-
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son of AC and DC transmission switching is essential to establish a relationship 
between the two models.  
The graph in Fig.5.3 also plots the economic savings obtained in both AC 
and DC transmission switching optimizations. There is a wide disparity between 
the savings obtained in both the settings, bringing forth the question of accuracy. 
The savings obtained in the DC approximation do not necessarily represent the 
actual savings that can be obtained by transmission switching. Similarly, the sav-
ings shown in AC setting are not necessarily optimal due to the non-convexities 
that are present in the ACOPF, which make it extremely difficult to prove global 
optimality. However, this research has demonstrated the potential of network to-
pology optimization. While solving network topology optimization with the 
ACOPF problem is currently too difficult on a large-scale with the available 
commercial software today, there is still the potential to implement network to-
pology optimization through the use of the DCOPF, similar to what is done today 
for unit commitment. Hence, there is a need for further research on not only im-
proving solution techniques for network topology optimization but also on dealing 
with the inaccuracies of the DCOPF transmission switching problem.  
This research examines the performance of the DC optimal solution in an 
AC setting, to investigate how the inaccuracies from the DCOPF problem may 
affect network topology optimization. The optimal solution of the DCOPF for the 
IEEE 118 bus test system at load level of 4519 MW was line 123 with a savings 
of 7.5 %. This solution is used as a starting point for ACOPF transmission switch-
ing and the savings obtained using this approach are examined. It has been ob-
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served that the total cost of generation for this ACOPF switching solution is 
higher than the dispatch cost of the original topology, which indicates that the 
lines that are optimal in the DCOPF framework need not necessarily be the best 
solutions in ACOPF and may even have a higher dispatch cost than the initial to-
pology as indicated by this instance.  
All feasible transmission lines with savings of above 2% in the DCOPF 
were taken as a candidate set for ACOPF with transmission switching and their 
performances were recorded as shown in Table 5.2. While the results in Table 5.2 
show that many lines that are beneficial in the DCOPF problem are not beneficial 
in the ACOPF problem, this anecdotal evidence should not be assumed to produce 
a generic result. Further testing is needed to see if similar results are found for 
other test cases. Furthermore, it is always hard to have definitive results when 
solving an ACOPF problem due to its non-convexities as it is possible that the 
true global optimal solution is much better than what is being presented but the 
non-linear solver is simply not able to find it before it converges to a local optimal 
solution. 
It is seen that lines that have significant savings in the DCOPF do not nec-
essarily produce the same results in the ACOPF. It is to be noted that two of the 
lines, 116 and 185 that have over 2 % economic savings in the DCOPF, are infea-
sible in the ACOPF. The ACOPF solution with line 32 open results in economic 
savings of over 2 % but yields only a 0.9 % savings when opened in the DCOPF. 
It is also observed that some of the lines that produced significant savings when 
switched in the DCOPF model have an increase in the total generation cost when 
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switched in the ACOPF model, e.g., line 131 has a 7% savings when switched in 
the DCOPF model whereas the same line causes over 2% increase in generation 
cost when switched in the ACOPF model. The possibility of a DCOPF optimal 
solution being infeasible in ACOPF is also to be considered. 
Table 5.2 Comparison of ACOPF performance with DC initial solutions 
Line number 
% savings with 
DCOPF 
% savings with 
ACOPF 
116 2.27 infeasible 
122 2.11 -2.14 
123 7.53 -37.35 
124 3.72 0.59 
125 5.5 -20.54 
128 5.81 -12.28 
130 6.03 0.22 
131 7.39 -2.72 
132 5.57 0.9 
135 6.08 -0.78 
136 4.92 -0.7 
137 2.62 -0.37 
150 2.60 0.63 
156 2.73 0.27 
185 2.19 infeasible 
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Similar to the testing of DC switching solution with ACOPF topology op-
timization, Table 5.3 demonstrates the performance of AC switching solutions 
with 1% or more economic savings, with DCOPF topology optimization. It is ob-
served that lines 5 and 11 that have around 1% savings when switched in the 
ACOPF model cause an increase in the dispatch solution when switched in the 
DC model. Another interesting result seen in the performance of AC solutions is 
that line 32, the best line for topology optimization with ACOPF, has only a 
0.89% savings in the DC model where it has shown the potential for over 2% sav-
ings in the ACOPF model. These results demonstrate the innate variations and the 
uncertainty of establishing a pattern between the AC and DC formulations. 
Table 5.3 Comparison of DCOPF performance with AC initial solutions 
Line Number 
% savings with 
ACOPF 
% savings with 
DCOPF 
5 1.27 -0.84 
11 1 -0.63 
32 2.04 0.89 
 
5.5 Conclusion 
This chapter explores the possibility of generating a candidate set of 
transmission lines to be switched in an ACOPF based on the DCOPF optimal so-
lution obtained. However, it has been established in Section 5.4 that there is an 
ambiguity in the performance of this candidate set in ACOPF with transmission 
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switching. This result emphasis the idea stated throughout this thesis that any 
change in the operating state of the system results in a new power flow thereby 
creating new operating conditions. Dissimilarities as well as concurring points of 
ACOPF and DCOPF network topology optimization have been stated. It can be 
concluded that no standard pattern can be established between the DC and AC 
formulations of OPF with transmission switching. This calls for further research 
on heuristic techniques that overcome the primary disadvantages of AC and DC 
namely high solution time and accuracy of system representation respectively, 
and are discussed in the following chapter. 
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CHAPTER 6: HEURISTICS FOR PRACTICAL APPLICATION 
6.1 Introduction to Heuristic Techniques 
The solution techniques used in previous chapters were meant to study the 
problem of network topology optimization and to allow for a comparative analy-
sis of the DCOPF versus the ACOPF network topology optimization. To use a 
complete enumeration/brute force technique as was the case in the previous chap-
ters will not work for real-world applications. Therefore, there is a need for solu-
tion techniques that can provide good solutions in a reasonable amount of time. 
This chapter develops a heuristic based solution technique for the network topol-
ogy optimization problem. 
Heuristic techniques are used as a means of generating satisfactory solu-
tions at a faster rate than an exhaustive search or other optimization techniques. 
As it has been pointed in the previous chapters, the solution time for finding the 
single best line to be opened is over an hour when using a brute force approach. 
The optimality of the solution also cannot be proven. The complexity of the prob-
lem only increases with application to a larger real world power system. In light 
of this, use of heuristic techniques exhibit the potential of practical application of 
network topology optimization with respect to the problems of computational ef-
ficiency. A heuristic provides the solution to the complex non convex, nonlinear 
optimization problem within half the actual time. These methods do not guarantee 
optimality; however, normal optimization techniques that can guarantee optimal-
ity take too long to solve and are unlikely to find the optimal solution within the 
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timeframe to solve the problem. Thus, the motive is to find good feasible solu-
tions fast, which is fulfilled by using a heuristic.  
6.2 Evolutionary and Genetic Algorithms 
The possibility of implementing evolutionary algorithms to help find a 
good solution in a short period of time is to be explored to make network topol-
ogy optimization viable for practical application. It has been shown in previous 
chapters that the solution time to find the single best line to be opened in a system 
is quite long and increases with the number of lines to be opened, as the complex-
ity of the system increases. 
Evolutionary algorithms are search methods employed in optimization 
problems to obtain solutions through the application of natural evolutionary tech-
niques. The principles of survival of the fittest and natural selection are applied to 
the available pool of solutions and a candidate set of superior feasible solutions is 
obtained. An evolutionary algorithm is different from other optimization tech-
niques in this aspect that the search yields a candidate set of solutions as opposed 
to a single best solution. The solution can be chosen from this set of solutions and 
the availability of a candidate set keeps the possibility of finding a better solution 
in a different location at a later time active.  
Genetic algorithms are a class of heuristics that belong to the superset of 
evolutionary algorithms. Genetic algorithms are commonly proposed heuristics 
for optimization problems and they make use of the natural evolutionary princi-
ples of selection, mutation, and crossover to generate a population of solutions to 
choose from. These heuristics are generally faster than complete enumeration and 
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provide a wide array of possible solutions as opposed to finding only the best so-
lution. On the other hand, the solution obtained with the heuristic is “best” only in 
comparison with other possible solutions from the candidate set and its optimality 
cannot be established. Nonetheless, the application of these search techniques to 
network topology optimization may help improve the computational efficiency 
while generating a good solution in a faster time than the complete enumeration 
technique [25]. The application of heuristics to network topology optimization is 
examined in the later sections of this chapter. 
6.3 Application of Fuller’s Heuristic to AC Systems 
The idea for the heuristic used in this chapter is based on the technique de-
scribed in [26]. It describes a heuristic that repeatedly runs DCOPF by opening up 
lines based on a ranking system. The same ranking system is used in the proposed 
heuristic. However, the concept of ranking lines is now performed on the ACOPF 
solution of the initial heuristic. Fig.6.1 is a flow chart of the heuristic explaining 
the step by step procedure of this proposed technique. 
ACOPF is solved for the original network topology and the lines in the 
network are ranked in the order of lowest to highest based on their rank, Rk as 
shown in Equation (6.1), where LMPm is the Locational Marginal Price (LMP) at 
the “from” bus m and LMPn is LMP at “to” bus n.  
Rk=(LMPn-LMPm)Pk, ∀k                                                                                  (6.1) 
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Fig.6.1 Flowchart of the heuristic with ACOPF 
 
The highest ranking line is opened and the ACOPF is solved again. This 
objective is compared with the objective of the original network topology objec-
tive and if there is an improvement in cost, the line that is opened is chosen as the 
best line to be opened and is forced to remain open for the rest of the iterations. If 
the objective of the ACOPF with the highest ranking line opened is higher than 
the original topology’s objective, the current line is switched back in service, the 
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second highest ranked line is opened and the procedure is repeated by iterating to 
the next line of the list until an improvement is achieved in the objective. If a sec-
ond line is to be opened, this line is forced to remain open and then the lines are 
ranked again with the new line flows based on (6.1) and the entire process is re-
peated until the next best line to be opened is discovered. Although this method 
does not guarantee the optimal solution, it is shown in the following sections that 
a good feasible solution is achieved with significant reductions in the solution 
time. 
6.4 Results 
The heuristic described in Section 6.2 was coded in AMPL and the 
ACOPF was solved using KNITRO. The heuristic is tested on various load levels 
and the results are compared with the results obtained in Chapter 4. Fig.6.2 is a 
graph representing the heuristic results against the various load levels for one line 
open. It can be seen that the savings obtained by the heuristic, though lesser than 
the economic savings obtained by the complete enumeration method, are still sig-
nificant. However, there is a huge improvement in the solution time with the use 
of the heuristic. 
Where it took just under an hour to find a solution with savings of 3.5 % 
for a 4242 MW load system for the iterative ACOPF method, it takes only 27 sec-
onds to get significant savings of 1.8% for the same system with the application 
of the heuristic. The reduction in savings is a tradeoff with the solution time in 
this case. However, it can be seen from the graph that the same solution of 1.89% 
savings is achieved by opening line 102 in both cases for a load of 4957 MW with 
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an enormous difference in the solution time. The improvement in solution time is 
also obvious from Fig.6.3 where it took over an hour for the iterative method to 
find a solution at all load levels but took only minutes for the heuristic to find a 
solution. Also, the economic savings achieved in both cases are closer to each 
other as the number of lines opened increases.  
Fig.6.2 Heuristic performance with respect to brute force method for 1 line open 
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The possibility of achieving better savings with the heuristic than the itera-
tive method is also to be considered given that the optimality of the iterative 
method’s solution is unproven. This was seen from the results obtained by both 
methods for the load level of 4242 MW when opening 3 lines. The heuristic gen-
erated a solution with 4.71% savings as opposed to 4.68% for solution without the 
heuristic.  
Fig. 6.4 Heuristic performance for load as % of 4519 MW for 1 line open 
 
The above graph in Fig.6.4 depicts the performance of the heuristic 
against the iterative method for loads as a percentage of the actual load level of 
4519 MW with 1 line open. It can be concluded for this set that the solutions are 
similar for most load levels and close to each other in the other case. Once again, 
the solution time of the heuristic is far shorter than the iterative method and is 
demonstrated most effectively by the example of opening 2 lines for 105% of the 
actual load level. Where it took 14.2 hours for the iterative method to find a solu-
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to find a solution of lines 32 and 37 with 2.39% savings. These results demon-
strate the computational improvement achieved by performance of the heuristic. 
Thus, the heuristic produces good feasible solutions with vast improvements in 
solution time, emphasizing the potential benefits of network topology optimiza-
tion while handling the challenges of transmission switching. 
This heuristic may seem to be contrary to the common assumption as to 
what lines are the best to switch out of service. It is often assumed that lines that 
are fully loaded or capacity constrained are good candidates for switching actions. 
Another potential measurement is to use the LMP difference across the line times 
the line’s flow and then to rank the lines from highest to lowest based on this 
value, which is the opposite of the ranking mechanism used in the above heuristic.  
The following discussion analyzes the results of a heuristic ranking the 
lines based on (6.1) from highest to lowest. An attempt has been made to show 
that it is not always true that switching of fully loaded lines is economically bene-
ficial to the system. The results below show the comparison of the two kinds of 
heuristics for both types of varying load levels. 
As can be seen from the graphs in Fig.6.5 and Fig.6.6, there is no conclu-
sion to be drawn that one heuristic is better than the other. It is observed from the 
random patterns of the graph that there is no standard substantial difference in ei-
ther the economic savings or the solution time for the heuristics. Where the 
Fuller’s heuristic of ranking lines from the lowest to highest seems to do better in 
case of Fig.6.5, the new heuristic suggested to order the lines from highest to low-
est appears to be more efficient in the second graph, Fig.6.6. Thus, it cannot be 
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established that taking the most constrained transmission line out of service re-
sults in better savings. 
Fig.6.5 Heuristic comparison for varying load levels, one line open 
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6.5 Conclusion 
Considering the computational inefficiency of the previously proposed ex-
haustive search method of network topology optimization with ACOPF, a heuris-
tic based on Fuller’s DC heuristic has been proposed to study the potential of 
practical implementation of this concept from the computational point of view. A 
comparison between the exhaustive search method and Fuller’s heuristic is made 
to portray the enormous improvements in solution time made by the heuristic 
method. This development in solution time overshadows the lesser but still sig-
nificant economic savings achieved by the heuristic method. As a side discussion, 
the general fallacy of the assumption that primarily fully loaded lines are the pre-
ferred lines to be taken out of service has been dispelled with the help of another 
heuristic. Thus, this chapter forms the basis for the possibility of practical imple-
mentation of the concept of topology optimization and encourages future research 
towards the development of new heuristics, e.g., genetic algorithms, in order to 
fulfill this goal. 
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 CHAPTER 7: CONCLUSIONS 
Previous research on transmission switching emphasized the benefits of 
transmission switching for alleviating line overloads and to help with voltage and 
other constraint violations. The techniques and ad-hoc procedures adopted in cur-
rent industry practices are described in Chapter 2. However, these practices do not 
consider the possibility of co-optimizing the network along with generation dis-
patch to create a superior and more efficient electric grid. The idea of a dispatch-
able network and its effects on the grid in combination with the DCOPF has been 
explored by [15] and [17]. This research further examines the effect of transmis-
sion switching on the network and studies the impact of switching from an AC 
perspective. It is of utmost importance to study the AC parameters that are ap-
proximated in the DCOPF and their behavior with network topology optimization 
with ACOPF, considering that the electric grid is primarily AC in nature. 
The results from Chapter 4 confirm the thought that implementing an ad-
ditional layer of flexibility to the transmission system not only improves utiliza-
tion of resources but also provides significant economic savings in the total gen-
eration cost. The statement that, when a transmission line is taken out of service 
the generation is re-dispatched thereby changing the network flows and creating 
new system conditions, has been proven. Economic savings of up to 6% have 
been achieved by switching only 3 transmission lines. The possibility of higher 
savings is also to be considered by acknowledging that optimality cannot be es-
tablished and so there might be a better solution yielding higher savings for the 
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specific optimization problem. It is also to be noted that the above mentioned sav-
ings were achieved by switching of only a few lines. 
In any power system, the load is frequently changing and these changes in 
the loading level affect the flows on the transmission lines. As such, it is impor-
tant to understand the performance of transmission switching at various load lev-
els. This has been pursued in Chapter 4 and though the switching results do not 
have an established pattern, they indicate the possibility of establishing a candi-
date set of switchable transmission lines. Also, in most cases the percentage of 
economic savings gradually decreases as the load level increases, which seems 
contrary to what would be expected. Such a counter-intuitive result reconfirms the 
motive to develop systematic approaches to manage the grid due to its complex-
ity. Furthermore, the results show that the concept of transmission switching is 
not detrimental to the voltage and reactive power of the system to the point that 
network topology optimization is not feasible. In addition, the impact of transmis-
sion switching on losses does not inhibit network topology optimization from ob-
taining a more economically efficient dispatch solution.  
In Chapter 5, a comparison between the DCOPF results and the ACOPF 
results for transmission switching has been made. The similarities and differences 
between the two optimization problems are discussed. Though the solution time 
for DC transmission switching is less and the savings shown are greater, the 
amount of savings shown might not be the actual savings that can be obtained 
considering that there are a lot of assumptions with the DC network. Also, these 
results pertain to a particular network and, thus, these results should not be as-
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sumed to be generic. Hence, it is essential to understand the similarities and dif-
ferences between AC and DC switching and this knowledge can be used to get the 
DC network topology optimization model to be as close to the AC model as pos-
sible. 
The addition of a binary variable representing the status of the transmis-
sion lines in the system made the ACOPF problem a MINLP. The structure of this 
MINLP with non-convex constraints is too complex to be handled by commercial 
solvers to date. Furthermore, exhaustive search techniques cannot be used on 
large-scale systems due to their long solution time. For this purpose, a heuristic 
that generates good feasible solutions in a short period of time has been proposed. 
This heuristic is based on a priority list that ranks the transmission lines in accor-
dance to the LMP difference between the source and sink buses times the line 
flow. It has also been observed that the heuristic’s performance in some cases has 
been as good as the exhaustive search method but with a huge improvement in the 
computational efficiency. This heuristic throws light on the possibility of the prac-
tical implementation of this concept. 
This research indicates that the treatment of transmission elements as 
static assets is not always the most efficient way of operating the national electric 
grid. The redundancies built in to the network to account for contingencies are not 
necessary at every stage of operation. The results presented in this thesis demon-
strate that not all the transmission lines present in the network are needed at every 
hour of operation. For this reason, the concept of network topology optimization 
is to be considered for creating a smarter and more efficient grid.  
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CHAPTER 8: FUTURE RESEARCH 
8.1 Overview 
This thesis answers the call for further research in making the electric 
network smarter, flexible and more efficient. In addition to studies conducted on 
transmission switching with ACOPF, this research also points towards potential 
future research topics in this area. The barriers to the concept of network topology 
optimization are discussed in this chapter and the need for future research will be 
pointed out. 
8.2 Transient Stability 
Any disturbance in the network of a power system results in an immediate 
change in power flow and angular differences. If the disturbance is large, it may 
cause the machines to fall out of sync causing an instability in the system referred 
to as transient instability. When transmission lines are taken out of service, the 
switching action acts as a disturbance on the system and the transient stability of 
the system may be affected. Hence, it is important to study the effect of switching 
on the stability of the system to ensure that network topology optimization helps 
create an efficient and reliable power grid. There have been several instances in 
the literature, see [27] as well as industry practices [28] that utilize the concept of 
transmission switching without cause for transient stability concerns. These refer-
ences provide the basis that switching actions do not always create transient sta-
bility issues. Nevertheless, further studies are to be conducted in this area to es-
tablish the impact of network topology optimization on transient stability. 
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8.3 Protective Devices/Relays 
Relay settings are used to provide protection to the power system against 
faults. They send signals to the circuit breakers to open up or close a line accord-
ingly in order to isolate the fault. These settings are preprogrammed based on pre-
vious experience and by taking possible scenarios into consideration for a given 
network topology. However, the concept of network topology optimization 
changes the grid each time a line is taken out of service. Provisions have to be 
made to take this action into account while programming relay settings. Transmis-
sion lines are taken out of service for maintenance or for corrective actions even 
today and procedures to deal with these situations are already in place. Future re-
search accounting for the idea of topology change on a more regular basis and its 
associated impact on relay settings is to be performed.  
8.4 Circuit Breakers 
Transmission switching requires the operation of circuit breakers on a 
more regular basis. The increased use of circuit breakers may lead to increased 
maintenance requirements and more wear and tear on the breakers. The cost of 
replacing the breakers and the effect that switching would have on a circuit 
breaker is to be further studied. However, with the promise of substantial eco-
nomic savings with transmission switching, the costs of replacing circuit breakers 
or improving the monitoring system of breaker status along with frequent mainte-
nance are likely to be inconsequential in comparison. 
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8.5  Reliability 
The N-1 reliability of the transmission network with DCOPF transmission 
switching has been studied in [19] and it was shown that transmission switching 
ensures N-1 reliability subject to the assumptions of the model, e.g., the model is 
based on a DCOPF. While network topology optimization with ACOPF by itself 
is a difficult MINLP and cannot be handled by current day commercial solvers, 
the integration of a scenario based contingency analysis into this MINLP further 
complicates the optimization problem. One way to handle this complexity is to 
perform contingency analysis on an AC level similar to unit commitment. Unit 
commitment is performed with DCOPF and an AC feasible power flow with a 
fixed unit commitment solution is obtained. Similarly, an optimal solution to the 
optimization problem can be obtained first and contingency analysis can be per-
formed to obtain an AC feasible power flow that is N-1 reliable. Further research 
is needed to determine the various approaches to ensure reliability with network 
topology optimization given the complexity of this problem. With that said, the 
current practices that utilize topology control provide the basis that reliability can 
be ensured with network topology optimization.  
8.6  Heuristic Techniques 
One of the major challenges of network topology optimization is the com-
putational complexity of this technique. It is essential to be able to generate a 
good feasible solution to the optimization problem within a given time frame. 
Hence, improvements in the solution times of DC as well as AC transmission 
switching are necessary. Although the complexity of solving the MINLP ACOPF 
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with transmission switching inhibits practical implementation of this technique on 
an ACOPF level, network topology optimization can be implemented in real 
world scenarios similar to a unit commitment problem that is solved on a DCOPF 
and implemented in AC. There is an urgent need for heuristics that can solve this 
optimization problem in a short period of time while still generating good feasible 
solutions. 
Genetic algorithms that generate candidate lines using the principles of 
natural selection and mutation can find a good feasible solution with stopping cri-
teria that limit the solution time to a desired minimum. These heuristics overcome 
the computational difficulties involved with network topology optimization and 
act as substitutes for the commercial software capable of solving an MINLP of 
this complexity. Though a heuristic has been proposed in Chapter 6, there is am-
ple scope for further improvement in performance. Hence, future research utiliz-
ing these principles of genetic algorithms to provide better solution techniques for 
network topology optimization should be considered. 
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APPENDIX A  
NOMENCLATURE 
  
 Sets  
g: Set of all generators 
g(n): Set of all generators located at bus n 
k: Set containing all transmission lines 
k(n,.):Set of transmission lines with n as the “to” bus 
k(.,n): Set of transmission lines with n as the “from” bus 
n: Set of all buses 
 
Variables 
Pg: Real power generated by generator g located at bus n 
Pkmn: Real power flow on line k from bus m to bus n 
Pknm: Real power flow on line k from bus n to bus m 
Qg: Reactive power generated by generator g located at bus n 
Qkmn: Reactive power flow on line k from bus m to bus n 
Qknm: Reactive power flow on line k from bus n to bus m 
Vn: Voltage magnitude at bus n 
Vm: Voltage magnitude at bus m 
zk: status of transmission element (0 for line out of service, 1 for line in service) 
θn: Voltage angle at bus n 
θm: Voltage angle at bus m 
 
Parameters 
Bk: Series susceptance of transmission line k 
 Bmk, Bnk: Shunt susceptance of transmission line k at bus m and n respectively 
cg: Generation cost of generator g 
Gk: Series conductance of transmission line k 
Gmk, Gnk: Shunt conductance of transmission line k at bus m and n respectively 
Pdn: Real power demand at bus n 
Pkmax: Maximum capacity rating of transmission line k 
Pmin, Pmax: Real power generation limits on generator g 
Qdn: Reactive power demand at bus n 
Qmin, Qmax: Reactive power generation limits on generator g 
Sk: MVA rating of the transmission line k 
Vmin, Vmax: Minimum and maximum ratings of bus voltage 
θmax: Maximum voltage angle difference 
 
